With 91 months of the publicly available Fermi-LAT Pass 8 data, we analyze the gamma-ray emission from the Milky Way satellites to search for potential line signals due to the annihilation of dark matter particles into double photons. The searched targets include a sample of dwarf spheroidal galaxies, the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC). No significant line emission has been found neither in the stacked dwarf galaxy sample nor in the direction of LMC/SMC. The corresponding upper limits on the cross section of DM annihilation into two photons are derived. Compared with results of previous gamma-ray line searches with the Pass 7 data, the current constraints on the line emission from dwarf spheroidal galaxies has been significantly improved in a wide energy range. With the rapid increase of the sample of dwarf spheroidal galaxies (candidates), we expect that the sensitivity of gamma ray line searches will be significantly improved in the near future. 
I. INTRODUCTION
Many astrophysical and cosmological phenomena, such as the discrepancy between luminosity masses and kinematic masses of galaxy clusters, the flat rotation curves of galaxies, and the cosmic microwave background power spectrum, indicate the existence of a large amount of so-called dark matter (DM) in the Universe. Though it is well established that the DM consists of ∼ 26% of the total energy density of the current Universe, its nature is still far from clear since all the evidence/properties are inferred from gravitational effects. It is highly necessary to find non-gravitational evidence of the DM. One way is to identify the annihilation or decay products of DM (i.e., the DM indirect detection), including photons, electrons/positrons, protons/anti-protons, and neutrinos/anti-neutrinos. Weakly Interacting Massive Particles (WIMPs) are the most extensively-investigated candidates. If they annihilate or decay, GeV-TeV gamma-rays and cosmic rays are generated. These signals, with distinct spectrum and/or spatial distribution, are among the key targets of many ground or space based instruments, including for instance Fermi-LAT [1, 2] , AMS-02 [3] , HESS [4] and IceCube [5] . Given positive detections, the DM mass m χ and the velocity averaged annihilation cross section σv or the lifetime of DM particles can be reliably inferred.
Since the launch of Fermi satellite in 2008 [1] , dedicated efforts have been made to search for the continual gammaray radiation from the DM annihilation or decay towards various targets, for example the dwarf spheroidal galaxies (dSphs) [e.g., [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , galaxy clusters [e.g., [17] [18] [19] [20] , the Galactic center [e.g., [21] [22] [23] [24] [25] , the Large/Small Magellanic Cloud (LMC/SMC) [26, 27] and Smith high-velocity cloud [28] . So far no credible DM signal has been identified [see 2, for a recent review] and the most stringent constraint on the cross section of DM annihilating into quarks and leptons comes from the joint analysis of fifteen dSphs, which rules out the standard thermal relic cross section up to 100GeV [10] . This benefits from their proximity, large DM content, and low astrophysical background of the targets, as well as the sensitivity improvement by combining multiple dSphs together using a joint likelihood technique. All these merits make dSphs the most ideal objects to search for DM.
Besides the continual gamma-ray signal, DM particles can directly annihilate into monochromatic gamma-rays, i.e., via χχ → γX, where X could be γ, Z or h. The energy of the monochromatic gamma-ray line is expected to be E γ = m χ (1 − m 2 X /4m 2 χ ). Though the line signal from DM annihilation would be generally very weak due to loop suppression, it is a smoking gun compared to the continual signal since the regular astrophysical processes can not generate such a signal [2] . The continual signal, on the other hand, suffers from significant contamination of the astrophysical background. Shortly after Fermi's launch, the Fermi-LAT collaboration had searched for line signal from DM annihilation or decay using the first 11 months' data in the energy range of 20-300 GeV [29] . Subsequently, Fermi-LAT data have been continually re-analyzed by Fermi collaboration with more and more data accumulated, and improved analysis approach towards different Regions of Interests (ROIs) [30] [31] [32] [33] . None of these searches found significant line signal and constraints on the annihilation cross section or lifetime of DM particles have been derived. In 2012, Bringmann et al. [34] found a tentative line-like excess around 130 GeV when searching for internal bremsstrahlung signal from the Galactic center. Later on, this 130 GeV line was supported by several independent analyses of the gamma-ray emission in the directions of the Galactic center and some galaxy clusters [35] [36] [37] . However, the finding of such a line-like emission in the Earth's limb emission makes it looks more like a systematic error [38] . In the newly released Pass 8 data such a signal becomes negligible [33] . A recent analysis on galaxy clusters also yields null result on this 130 GeV line signal [39] . Recently, Liang et al. [40] (hereafter L16) searched for gamma-ray line signals in the directions of 16 nearby galaxy clusters and found an unexpected linelike structure at ∼43 GeV. The global significance of such a signal, however, is relatively low (see [41] for possible interpretations).
As mentioned above, dSphs are the ideal targets to search for DM signals. Indeed, the continual gamma-ray emission of DM annihilation in dSphs has been extensively searched [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the gamma-ray line signals had just been examined with the first 4-year Fermi-LAT Pass 7 data in the directions of seven targets [42, 43] . In the past few years, the number of confirmed dSphs and candidates has increased rapidly. On the other hand, Fermi-LAT has collected much more data with a significantly improved reconstruction quality. In particular the latest Pass 8 data with subgroups based on the reconstruction energy resolution are very suitable for gamma-ray line searches. Therefore it is the time to re-search for line-like signal from dSphs. In this work, we adopt Fermi-LAT 91 month Pass 8 data to carry out the analysis (both the samples of confirmed dSphs and dSph candidates would be discussed). The LMC and SMC, two other satellite galaxies of the Milky Way, are also investigated separately (see Sec. IV).
II. TARGET DSPHS AND J-FACTORS
The dSphs of the Milky Way are characterized by large mass to luminosity ratios, indicating the presence of large amount of non-baryonic matter, and thus are ideal targets to search for the DM annihilation signals. However, due to their low luminosity, only ∼10 classical dSphs were discovered before the Sloan Digital Sky Survey (SDSS) [44] . Benefited from the long-term wide-field searches of the SDSS, this number increased to 25 over the last decade [45] . In the past two years, new wide-field optical imaging surveys, such as the Dark Energy Survey (DES) and the Panoramic Survey Telescope and Rapid Response System 1 (Pan-STARRS1) 3π survey discovered more than 20 new objects with photometric characteristics similar to the known dSphs [46] [47] [48] [49] [50] .
The expected gamma-ray flux from the DM annihilation can be expressed as [2] 
where the first term is related to the particle physics and takes the form of
where dN γ /dE is the differential gamma-ray spectrum per annihilation. The second term in Eq. (1) is the so-called J-factor, which is governed by the DM density distribution ρ(r) and reads
Clearly, the expected gamma-ray flux is proportional to J-factor, and the sources with larger J-factors have better potential to display DM signal.
In Table 1 we list all dSphs detected so far (including some recently discovered candidates) and their J-factors (if available). The confirmation of a candidate to be a dSph and the determination of the amount of DM content (and then determining the J-factor) require spectroscopic measurements of velocities of a group of member stars. The dSph candidates listed in Table 1 are mainly discovered by the DES and Pan-STARRS1 and have not been spectroscopically observed yet. Some confirmed dSphs do not have reliable J-factors due to the lack of measurements of sufficient member stars or tidal stripings which makes the results uncertain. Serval groups have been concentrated on evaluating J−factors systematically. Currently their results are not fully consistent with each other. To be less biased, in this work we adopt the J-factors from several different studies [9, 16, [51] [52] [53] .
III. SEARCHING FOR LINE LIKE SIGNALS TOWARDS DSPHS A. Data Selection
The Fermi-LAT [1] is a pair conversion instrument sensitive for gamma-ray detection in the energy range ∼30 MeV to >500 GeV. In this work, the publicly released Pass 8 data (P8R2 Version 6) from the Fermi-LAT are analyzed 1 . The Pass 8 data release provides a number of improvements compared to previous versions, including a wider energy range, better energy measurements, and a significantly increased effective area. In addition, the Pass 8 data are subdivided into quartiles according to events' energy/direction reconstruction qualities, allowing to improve the energy/direction resolution by using the high quality data only [55] . We take into account 91 months (from 2008-10-27 to 2016-06-08, i.e. MET 246823875 -MET 487121910) of data, with energies between 1 and 500 GeV. The zenithangle cut θ < 90
• is applied in order to filter out the Earth's limb emission which is a strong source of background contamination. We adopt the recommended quality-filter cuts (DATA QUAL>0 && LAT CONFIG==1) to extract the good time intervals. Throughout the work, we make use of the ULTRACLEAN data set in order to reduce the contamination from charged cosmic rays. Since the energy resolution of EDISP0 data is much worse than that of the rest and it just accounts for ∼1/4 of the whole data sets 2 , following L16 we exclude the EDISP0 data in our analysis to achieve better energy resolution without significant loss of the statistics. For each dSph we utilize gtselect to select data within 1 degree radius. We generate HEALPIX format exposure map using the gtexpcube2 tool. The selection of events as well as the calculation of exposure maps are performed with the latest v10r0p5 version of Fermi science tools.
B. Data Analysis
We use a stacked, unbinned likelihood analysis together with the sliding energy windows technique [34, 35, 56] (see also L16) to search for the line-like signals from the dSphs (and candidates). Events within all of our ROIs are gathered together and divided by exposures averaged over all ROIs to yield a stacked spectrum. Then this stacked spectrum is fitted using an unbinned maximum-likelihood method for a series of E γ from 5 GeV to 300 GeV with increment in steps of 0.5 σ E (E γ ), where E γ is the energy of putative line signal which is fixed in the fitting procedure and σ E (E γ ) is the energy resolution (68% containment) of the LAT at E γ . For each E γ , the fitting is performed in a small energy window of (E γ − 0.5E γ , E γ + 0.5E γ ). This small window size warrants that the background spectrum can be well approximated as a power law. We use two models to fit the spectrum in each energy window: 1) single power law, 2) power law background plus a line signal. Considering the energy dispersion, the line component is expressed as exposure weighted Fermi-LAT energy dispersion function 3 . The test statistics (TS) of a line component can be derived by comparing the likelihood values between these two models,
The local significance is just the square root of TS, since the TS value would follow χ 2 distribution with only one degree of freedom according to the asymptotic theorem of Chernoff [57] . Taking into account a trial factor would further decrease the significance. The analysis procedures are the same as L16. For simplicity we do not re-introduce them here and refer the readers to Sec. II B, Sec. II C, and Sec. III A of L16 for the stacking method, unbinned likelihood method and sliding window technique, respectively. Note: The summary of dSphs and candidates (divided by a horizontal line) published in the literature. The listed J-factors are from [9, 16, [51] [52] [53] , respectively. The divergency between them suggests that the J-factors adopted in different literature likely suffer from nonignorable systematic uncertainty. The J-factors in [53] were calculated using a simple analytical method rather than Markov Chain Monte Carlo based Jeans analysis. The J-factors in the last column were estimated by assuming there is a scaling relationship between J-factor and distance [13, 16] . Note that Grus I has been spectroscopically observed already and a dwarf galaxy nature is favored, nevertheless further velocity dispersion measurements are acquired to draw the final conclusion [54] .
C. Results
Our search results are presented in the left panel of Fig.1 , which exhibits how the TS value of a putative line-like signal varies as a function of the line energy. Clearly, no significant line signal is found over all the energy range we consider (i.e., there is no signal with TS > 9, corresponding to a local significance of 3σ). Note that this plot is for 48 ROIs including both the confirmed dSphs and the candidates. As an independent check, in the right panel of Fig.1 we present the result for 32 confirmed dSphs only. No significant signal is found either. Due to the absence of any significant line-like signals from the dSphs, we set constraints on the cross section of DM annihilating into two photons σv χχ→γγ . For DM annihilating into a pair of γ-rays (i.e., χχ → γγ), the expected flux is given by
where E line = m χ is the energy of the monoenergetic photons. We sum the J-factors over all the objects we have analyzed. Following L16, for a given m χ we fit the data in the corresponding energy window with a series of σv χχ→γγ in Eq.(5) and find the cross section at which the log-likelihood is smaller by 1.35 compared to the maximum one, which corresponds to the 95% confidence level upper limit of the cross section. Unlike the search for excess in Fig.1 , for constraining σv χχ→γγ the information of J-factors is necessary to convert gamma-ray flux limits into DM annihilation cross section. Therefore, our current sample is not the same as that adopted in Fig.1 . We use the 21 dSphs with J-factors reported by [52] to derive the "fiducial" constraints. Fig. 2 shows the resulting constraints on σv χχ→γγ in the energy range 5 GeV−300 GeV. Also shown are the expected 68% and 95% containment regions derived from 10 3 blank-sky Monte Carlo simulations (the yellow and green bands). In each simulation, a set of 21 high-latitude blank-sky ROIs non-overlapping with 21 dSphs are selected and analyzed with the same procedure as stated above to derive upper limits. We notice that at the high energy end, the lower edges of 68% and 95% containment bands become superposing each other. This is because the distribution of 10 3 simulated upper limits is no longer a Gaussian distribution due to the limited event number.
In Fig. 2 we also present the constraints based on samples with J-factors derived by other groups (see Sec.II for details of these samples), with blue and red solid/dash lines. One should note that these results can not be directly compared with our "fiducial" results (black line) since the numbers of dSphs in these samples are not the same. We just plot them here as a reference to show how significant the upper limits will change in these scenarios. For the same reason, the 68% and 95% containment regions (the yellow and green bands) are only valid for the "fiducial" constraints.
In Fig.3 we compare our limits with some previous independent constraints. The thick red line is our "fiducial" result. The cyan line represents the constraints set by galaxy clusters (adopted from L16 and without the boost factor correction). The two green lines are for the constraints from Galactic gamma-ray data, where the dashed line is for Einasto DM distribution while the solid line is for the Isothermal DM distribution [33] . The yellow line and magenta line are the constraints set by Pass 7 dSph data [42, 43] . Interestingly, though for continual signal the dSphs yield the most stringent constraints, for line-like signal the constraints by dSphs are weaker than that set by Galactic gamma-ray data notably (the dSph constraints are one or more orders of magnitude weaker than the Galactic data constraints). This indicates that, for DM line searches a larger J-factor(s) is more important than cleaner background due to the distinctive spectrum feature of the signal. The Galactic center is a better target unless much more dSphs with larger J-factor are found in the future. For the same reason, the galaxy clusters give the weakest constrained unless the boost factors are very high. For comparison, we also plot several constraints from other studies. The cyan line is for the constraints set by galaxy clusters [40] . The green solid/dashed lines are the constraints set by the Galactic gamma-ray data in the case of Isothermal and Einasto DM distributions, respectively [33] . The yellow and magenta lines are constraints for dSphs reported by Huang et al. [43] and by Geringer-Sameth et al. [42] , respectively.
IV. SEARCHING FOR LINE-LIKE SIGNALS TOWARDS LMC & SMC
The Magellanic Clouds, the largest satellite galaxies of the Milky Way, are also natural targets for the DM indirect detection searches. In particular, the LMC is expected to be the second brightest source of gamma rays from the DM annihilation in the sky due to its ∼50 kpc distance and ∼10 10 M ⊙ predicted DM mass. Prior to this work, search for gamma-ray emission from the DM annihilation in the LMC has been performed for the ss, bb, tt, gg, W + W − , e + e − , µ + µ − and τ + τ − channels [26] . A similar analysis of the SMC has also been performed in [27] . Unlike the previous analysis, here we perform a line-search for the DM annihilating directly into photons in the LMC/SMC.
We take the relatively conservative value of J = 9.4×10 19 GeV 2 /cm 5 for the LMC [26] and J = 1.13×10 19 GeV 2 /cm 5 for the SMC [27] . These J-factors were computed by integrating to an angular distance of 15
• from the center (assuming an NFW spatial profile [58] ). For the LMC, the characteristic density is assumed to be ρ 0 = 2.6 × 10 6 M ⊙ /kpc 3 and the scale radius is assumed to be r s = 12.6 kpc. For the SMC, we have ρ 0 = 4. No significant line signal in the energy range of 5 − 300 GeV is found for these two sources either. The largest TS appears at ∼8.5 GeV for the LMC (with a TS∼8) and there is no other spectral structure with TS>4. For the SMC the largest TS is ∼ 5 at ∼28 GeV. Since no signal is found, we place 95% upper limits on σv χχ→γγ . The limits are plotted in Fig.3 as black for the LMC and blue for the SMC. Despite the J-factor of the LMC is comparable with that of some dSphs (9.4 × 10
19 GeV 2 /cm 5 for the LMC vs. 20.2 × 10 19 GeV 2 /cm 5 for our "fiducial" dSph sample), the limits obtained by the former is several times weaker (note that the time interval and the type of the data are the same as that adopted in the dSphs analysis). This is mainly because the LMC has higher background emission originating from interactions between cosmic rays and the interstellar medium and from point sources such as pulsars within the LMC and especially within the 30 Doradus star-forming region [59] .
V. SUMMARY AND DISCUSSION
A robust detection of a monochromatic gamma-ray line would serve as a smoking-gun to prove the existence of particle DM. That is why great effects have been made to search for such signals in various targets since Fermi's successful launch in 2008. In this work, we have analyzed 91 months' publicly-available Pass 8 Fermi-LAT data in the directions of a sample of dwarf spheroidal galaxies (including candidates) and LMC/SMC. Our search results show no significant signals in the energy range 5 −300 GeV. The gamma-ray data are well consistent with the background only blank sky simulations. Thus we set limits on the DM annihilation cross section to produce monochromatic gamma rays. Comparing with the constraints set by the 4 years Pass 7 Fermi-LAT data in the directions of seven dSphs, our current limits are much tighter in a wide energy range. However our limits are still weaker than the constraints set by the Galactic gamma-ray data even for an "isothermal" DM distribution profile [33] . This may indicate that for DM line searches, a larger J-factor is more important than cleaner background due to the distinctive spectrum characteristic of the signal. However, the situation may be changed with the fast developing dSph surveys. The DES collaboration has already found 16 dSphs (including candidates) in their first two years' searches and much more are expected to be identified in the upcoming years [46, 47] . In the near future, the LSST [60] is expected to discover hundreds of new dSphs. With remarkably growing sample of dSphs, the sensitivity of searching for the DM signal (including both the line search as well as the continuum emission search) will get improved significantly.
Finally, we would like to point out that China's operating space mission, the Dark Matter Particle Explorer [61] , and a proposing future mission, the High Energy cosmic-Radiation Detection Facality [62] , which are dedicated to measuring high-energy cosmic ray electrons and gamma rays with the unprecedentedly high energy resolution in a wide energy range, are expected to contribute significantly to the gamma-ray line search [63] .
